Introduction
============

Food waste from the grower to the consumer is an important issue as it depletes natural resources. Recent researches and surveys done by NRDC (Natural Resources Defense Council), USDA (US Department of Agriculture), FAO (Food and Agriculture Organization of the United Nations), and the OECD (Organization for Economic Co-operation and Development) revealed that food losses are estimated to be more than 33% ([@B65]; [@B96]; [@B36]; [@B108]). Post-harvest losses of fruits and vegetables are even higher and are estimated to be 40--50%. Post-harvest fruit rotting are a major cause of those losses and are chiefly caused by fungal pathogens after fruit ripening. In a manner similar to foliar diseases that occur in the field, several factors as: fungal pathogenicity, host response and environment determine the outcome of host resistance or susceptibility. However, in post-harvest diseases fruit ripening is another major component that will determine fruit resistance and must be considered (**Figure [1](#F1){ref-type="fig"}**).

![**Disease pyramid of post-harvest fruits and pathogenic fungi interaction.** The disease of post-harvest fruits and pathogenic fungi is regulated by four elements: (1) Fungal pathogenicity, (2) host response, (3) environment, and (4) ripening or senescence.](fpls-06-00889-g001){#F1}

Post-harvest Disease Development
--------------------------------

Fruits infected by post-harvest fungal pathogens develop, in general, disease symptoms after harvest and during storage. Post-harvest fungal pathogens germinate and enter the fruit by breaching the host cuticle ([@B52]; [@B13]). This is achieved by: degrading host cuticle ([@B121]), entering through natural openings of the host and wounds ([@B20]), or by living endophytically in the stem end ([@B80]; [@B120]). When those particularly insidious pathogens encounter unripe fruit these fungi often remain quiescent and confined to the initial site of introduction. They are unnoticed to visual examination, for as long as months of storage, until the harvested fruit ripen ([@B118]). Several species of fungal pathogens, such as *Colletotrichum, Alternaria, Botrytis, Monilinia, Lasiodiplodia, Phomopsis*, and *Botryosphaeria* have been reported to live quiescently in their hosts until the fruits ripen ([@B119]; [@B2]; [@B116]). As fruit ripen, post-harvest fungal pathogens switch to aggressive growth. At this aggressive stage, the fungi are necrotrophs, which kill the host cell and obtain nutrients from the host, leading to decomposed fruit tissue and decay ([@B117]; [@B118]). However, before this devastating stage those fungi adopt different types of life styles. Some fungi as *Lasiodiplodia, Phomopsis, Colletotrichum, Alternaria* and others, cause stem-end-rot and colonize the stem-end by adopting endophytic-like lifestyle before fruit ripening ([@B80]). Other fungi, e.g., *Colletotrichum* are defined as hemibiotroph, those fungi live quiescently as biotrophs in unripe fruit cells without killing them ([@B107]; [@B13]). In a parallel manner, fully necrotrophic fungi as *Botrytis* can infect and live in a restricted 1--3 cells of unripe fruit without damaging the surrounding tissue ([@B39]).

*Botrytis* and *Colletotrichum* Model
-------------------------------------

Due to lack of omics data and in-depth knowledge in the stem-end-rot pathosystems, this review will focus on the better understood *Colletotrichum* (anthracnose) representing hemibiotrophic fungi and on *Botrytis* (gray mold) as necrotrophic fungi. These fungi are two of the most common post-harvest fruit disease agents that are known to attack many economically important fruits and present problems world-wide ([@B135]; [@B37]; [@B76]). *Colletotrichum gloeosporioides* causes the anthracnose disease to at least 470 host genera ([@B134]; [@B76]) and *Botrytis cinerea* causes the gray mold disease on over 200 species of fruit. On unripe fruit, *Colletotrichum* conidia germinate and develop appressoria which penetrate the fruit cuticle via an infection peg. *C. gloeosporioides* enters the quiescent stage whereupon two distinct structures develop: dendritic-like protrusions which form within the fruit cuticle and swollen hyphae which colonize the first epidermal cell layer but advance no further ([@B13]). When *C. gloeosporioides* germinates on the cuticle of ripe fruit it germinates as on green fruit and goes through a short biotrophic stage. Only this time it is much more rapid and the quiescent structures immediately switch to necrotrophic growth. This indicates that hemibiotrophic growth in *C. gloeosporioides* is developmentally cued when encounter with fruit cuticle. On the other hand, *Botrytis* spore germlings tend to penetrate through small wounds or cracks in the epidermis or cuticle of unripe fruit and remain confined within the lumen of the wounds ([@B152]; [@B39]). When the hemibiotrophic *C. gloeosporioides* germinates on small wounds of unripe fruits, its colonization skips the biotrophic-like stage and it adopts the necrotrophic strategy, similarly to *B. cinerea* ([@B13]). Growth of either pathogen on wounds in unripe fruit is limited for long periods, and upon ripening, both pathogens become necrotrophic, degrade host tissues and produce symptoms of disease ([@B117]; [@B118]).

Unripe Fruit Tolerance and Changes Occurring during Ripening
------------------------------------------------------------

During fruit ripening, significant physiological shifts occur: cell wall remodeling ([@B32]; [@B75]), soluble sugar accumulation, decrease in the amount of phytoanticipins and phytoalexins ([@B117]); decline of inducible host defense responses ([@B21]); cuticle biosynthesis ([@B18]) and changes in the ambient host pH ([@B118]; **Figure [2](#F2){ref-type="fig"}**). Most of those changes are thought to be governed by complex hormonal signals including ethylene, ABA, jasmonic acid (JA), and salicylic acid (SA), which occur during natural fruit ripening ([@B61]; [@B127]). Interestingly, similar phytohormones are regulated in the host in response to pathogens ([@B27]; [@B13]). In response to the changes in the host, pathogens alter the enzymes and compounds they produce which allow them to infect and break down or macerate the fruit tissue ([@B26]; [@B3]; [@B13]). Signals for release from quiescence probably occur during fruit ripening and may include: disassembled cell wall substrates, alterations in cuticle and other signals ([@B39],[@B40]; [@B101]; **Figure [2](#F2){ref-type="fig"}**). When the fungi are re-activated they induce rotting disease that impairs crop quantity, quality and appearance. These aspects will be discussed in the following sections.

![**Changes in the fruit that occur during ripening and senescence that regulate susceptibility.** Morphological and biochemical changes taking place during the transition from unripe and tolerant to ripe and susceptible fruit. These changes could stimulate the release from quiescent/ latent or confined colonization to the aggressive colonization of the necrotrophic fungi in ripe fruits.](fpls-06-00889-g002){#F2}

Host Factors Modulating Post-Harvest Fungal Development
=======================================================

Recently, with the expansion of omics technique several observations elaborated on the involvement of differential response of ripe and unripe fruit to fungal pathogens ([@B26]; [@B3]; [@B13]).

This review will describe both the changes occurring during fruit ripening and the fruit response to post-harvest fungal pathogens.

Phytohormones: Jasmonate-salicylate Crosstalk and More
------------------------------------------------------

Phytohormones are well-known to affect fruit ripening ([@B34]; [@B6]) and the defense responses to pathogens ([@B11], [@B13]; [@B27]; [@B3]). Important signaling roles have been ascribed to classical defense hormones SA, JA, abscisic acid (ABA), and ethylene (ET) in molding plant--pathogen interactions ([@B57]; [@B131]). Gibberellic acid (GA), auxin (IAA), brassinosteroids (BRs), and cytokinines (CK) have recently been emerged as important modulators of plant defenses against microorganisms based mostly on vegetative tissues data and on the lifestyle of the infecting pathogen ([@B122]).

### Jasmonate-salicylate Crosstalk

Salicylic acid and JA signaling pathways are generally considered as antagonistic dependent on NPR1 and hormone concentration ([@B132]; [@B131]; [@B112]). This interplay between SA and JA was suggested to optimize host-response to pathogen's lifestyle ([@B62]; [@B132]; [@B131]; [@B112]). In vegetative tissue it is commonly postulated that an effective responses to biotrophic pathogens are typically mediated by SA and programmed cell death (PCD; [@B62]; [@B132]), and responses to necrotrophic pathogens, which benefit from host cell death, involve JA and ethylene signaling ([@B62]; [@B132]; **Figures [3](#F3){ref-type="fig"}** and **[4B](#F4){ref-type="fig"}**).

![**Fungal pathogenicity and host response at different stages of fruit maturity. (A)** Fungal pathogenicity factors during quiescent and during aggressive necrotrophic stage. **(B)** Host response to fungal colonization in unripe and in ripe fruit.](fpls-06-00889-g003){#F3}

![**Role of phytohormones, ROS, and pH in post-harvest disease. (A)** Ethylene and abscisic acid (ABA) activate fruit ripening and susceptibility in fruit but also participate in the defense response to pathogens together with JA. This interplay of hormonal signals can lead to increased tolerance. **(B)** Fruit defense response to fungal pathogens is mediated by phytohormones as salicylic acid (SA), jasmonic acid (JA), ABA, and ethylene. Phytohormones cross-talk can determine fruit tolerance to biotrophic or necrotrophic fungal pathogens. JA and ethylene are classically reported to be involved in tolerance to necrotrophs and SA to biotrophs. **(C)** ROS is one of the components that control fruit ripening and thus susceptibility. ROS also participate in fruit defense response, depending on it relative concentration it could lead to susceptive or tolerant response. **(D)** Fruit ripening, fruit defense response and fungal elicitors modify the pH in the court of host-pathogen interaction.](fpls-06-00889-g004){#F4}

During normal fruit ripening many phytohormones as ethylene, IAA, ABA, GA, JA, and SA are regulated ([@B19]; [@B136]; [@B157]; [@B127]; **Figure [2](#F2){ref-type="fig"}**), which complicate the effective fruit response to pathogens. Indeed, in infections of grapes and tomato fruit with *Botrytis* ([@B27]; [@B3]) and tomato fruit infections with *Colletotrichum* ([@B13]) several stress hormone responsive pathways including ethylene, ABA, JA, and SA were regulated. In fruit, high levels of ET and ABA, which stimulate senescence/ripening processes, may facilitate colonization by necrotrophs. The balance between SA and JA responses seems to be crucial for fruit resistance ([@B27]; [@B13]).

During the biotrophic-like quiescence stage of *C. gloeosporioides* the resistant unripe fruit mainly responded through activation of JA, ethylene, and ABA ([@B13]). However, the ripe tomato is more susceptible to disease and the fungi adopt a necrotrophic mode of host colonization. In the fruit response to necrotrophic infections, SA biosynthetic, signaling and response pathways were activated ([@B13]; **Figure [3](#F3){ref-type="fig"}**). SA signaling was shown to have an important role in necrotrophic colonization stage of *Colletotrichum* on tomato fruit by inducing cell death and likely as a means to suppress JA mediated defense response ([@B11]). The activation of this pathway was dependent on NADPH oxidase activity that was induced by ammonia secreted by the fungus ([@B8]). Indeed, JA application leads to increase tolerance and SA application leads to PCD and increased susceptibility to *C. gloeosporioides* at it necrotrophic stage ([@B11]). Similarly, ripe *NahG* tomato fruit mutant, lacking SA responses, showed increased tolerance to *C. gloeosporioides.* In a reciprocal manner, the *Spr1* mutant, deficient in JA signaling, showed increased susceptibility ([@B13]).

The responses of tomato fruit to *Botrytis* involved several stress hormone responsive pathways including ethylene, ABA, JA, and SA in a complex manner that differ during infections of ripe and unripe tomato fruit. In general, both grape and tomato defense response to *Botrytis* were mainly mediated by JA and ET ([@B27]; [@B3]; **Figure [3](#F3){ref-type="fig"}**). Similarly, *Arabidopsis* leaves response to *Botrytis* was mediated mainly by JA and ET ([@B1]). However, in unripe tomato fruit the *NahG* gene showed susceptibility to *Botrytis* ([@B27]). This result suggests that SA has an important role in unripe fruit resistance to *Botrytis*. In grapes of susceptible cultivar infected with *B. cinerea*, the pathogen causes shutdown of defenses, which are regulated by SA and are expressed during the normal ripening ([@B3]). It remains to be established whether SA-mediated defense system is inhibited or not in resistant cultivars.

In climacteric fruit ET and ABA stimulate ripening and may affect the host defense response ([@B127]). Thus, resistance of *sitiens* mutants at ripe fruit stage to *Botrytis* and ABA elevation in response to *Botrytis* was correlated to susceptibility ([@B27]). The ethylene and ABA elevation seems to play a dual role, on the one hand it correlated with JA and ethylene resistance response, and on the other hand it induced ripening and increase susceptibility (**Figure [4A](#F4){ref-type="fig"}**). This assumption will be further discussed below.

### Not Only SA and JA Crosstalk

As discussed above, major responses to fungal pathogens are mediated by ethylene, ABA, JA, and SA phytohormones (**Figure [3](#F3){ref-type="fig"}**). Additional phytohormones and growth regulators such as gibberellin, cytokinins, steroid, polyamines, and BRs were reported to affect fruit response to fungal pathogens. For example gibberellin-treated persimmon fruit had increased resistance of to *Alternaria alternata* by delaying fruit maturation and reducing cuticle cracks ([@B53]; [@B24]). Gibberellin seems to act also in an alternative way, the DELLA transcription factors enable plants to respond to gibberellin; this mechanism seems to maintain transient growth arrest and lead to plant response to biotic and abiotic stress ([@B68]). DELLA transcription factors were shown to promote susceptibility to biotrophs and resistance to necrotrophs in leaves ([@B105]).

Polyamines may have a role in response to post-harvest pathogens. In fact, genes involved in polyamine biosynthesis are up-regulated in *Botrytis-*grapes pathosystem ([@B60]; [@B3]). Over-expression of *ARGAH2* in *Arabidopsis* leads to enhanced resistance to *B. cinerea*, thus suggesting a role for the polyamine arginase in plant resistance ([@B29]). Furthermore, polyamines seem to be co-regulated with ethylene biosynthesis and seem to co-work with ABA ([@B25]).

Steroids such as β-sitosterol and stigmasterol have been previously shown to be involved in plant--pathogen interactions ([@B64]). Indeed, several genes involved in steroid biosynthesis were also upregulated in grape and tomato response to *Botrytis* ([@B27]; [@B3]). Furthermore, BRs play a role in grape ripening ([@B137]) and are known to change in plants response pathogen infection ([@B87]). BAK1, known for BRs signaling, contributes to pathogen associated molecular pattern-triggered immunity (PAMP) to necrotrophic pathogens ([@B101]). Loss of BAK1 results in increased susceptibility to the necrotrophic fungi ([@B85]). Several genes coding for BAK1 were down-regulated in grapes infected with *Botrytis* at the onset of ripening ([@B27]; [@B3]). Application of BRs reduced *Penicillium expansum* decay in jujube fruit and delayed fruit senescence ([@B159]).

### Ethylene Dual Role in Ripening and Defense Response

Ethylene is a key post-harvest hormone with a dual role. In climacteric fruit ripening ([@B61]; [@B127]), the presence of ethylene will lead to susceptibility, however, ethylene could also acts as a defense hormone together with JA ([@B131]; **Figure [4A](#F4){ref-type="fig"}**).

In tomato, a climacteric fruit, ethylene is known to commence during the breaker stage of fruit ripening ([@B127]). Post-harvest fungal pathogen as *B. cinerea* and *C. gloeosporioides* infections induce the ethylene biosynthesis pathway, transcription factors as non-ripening (*NOR*), ripening-inhibitor *(RIN*) and never-ripe *(NR*) and the ethylene-regulated defense genes in both ripe and unripe tomato fruit ([@B27]; [@B13]). Therefore, they enhance the ripening process and hasten the release from quiescence.

The increased susceptibility of ripe fruit to *B. cinerea* depends on the ripening regulator *NOR*, but not on *RIN*, and only partially on the fruit's perception of ethylene. The *rin* mutant fruits and those treated with 1-MCP did not ripe but, nevertheless, were susceptible to *B. cinerea* ([@B38]; [@B27]). The differential effect of *NOR* and *RIN* indicate the existence of a specific susceptibility factor. Although *nor* and *rin* act together in a cascade for ripening *nor* appears to have a more global effect indicating that it operates upstream of rin ([@B109]). Inspection of the differential expression of genes in these mutants may point to a source for susceptibility.

Applications of 1-MCP, an inhibitor of ethylene perception, are widely used due to the beneficial effects in delaying fruit senescence and prolonging storage ([@B147]; [@B148]). Indeed, in apples ([@B124]), peaches ([@B97]), and plums ([@B102]) 1-MCP treatment reduced fungal pathogens rotting. However, in tomato ([@B133]; [@B23]), avocado ([@B155]), custard apple, mango, and papaya ([@B73]), citrus ([@B113]), apples ([@B78]) 1-MCP promoted susceptibility to pathogens. It seems that 1-MCP could affect citrus, strawberry, and tomato fruits susceptibility in a concentration dependent manner. At low concentrations it enhances tolerance, but reduces it at high concentrations ([@B88]; [@B51]; [@B27]). Thus, small amounts of endogenous ethylene may be necessary to maintain basic levels of resistance to pathogens due to ethylene involvement in regulation of plant defense genes ([@B99]).

These results support the conclusion that ethylene has dual opposing roles: as a ripening hormone it promotes susceptibility ([@B34]) and as a participant in hormone-activated defense responses ethylene provide resistance ([@B62]; [@B132]). Thus, the timing of ethylene release, perception and the levels of ethylene are likely to be crucial for the outcomes of resistance or susceptibility (**Figure [4A](#F4){ref-type="fig"}**).

ROS Role in Ripening and Defense Response
-----------------------------------------

Accumulation of reactive oxygen species (ROS) are the result of the balance between ROS production and antioxidant activity. The mitochondria chloroplast and peroxisome are all potential sources for ROS production. ROS and particularly hydrogen peroxide (H~2~O~2~) and singlet oxygen (^1^O~2~) contribute to fruit ripening and senescence ([@B30]; [@B89]; [@B123]; [@B139]). In grape and tomato, ROS, lipid peroxidation, and protein oxidation were increased at breaker stage (**Figure [4C](#F4){ref-type="fig"}**). In many fruits, storage is associated with an increase in ROS, which results either from increased ROS production or from a decrease in antioxidative makeup ([@B72]). Antioxidants inhibit fruit ripening and senescence ([@B94]), while, high O~2~ or application of H~2~O~2~ leads to increase ROS and senescence ([@B139]). Oxidative damage of several mitochondrial proteins, which involved in fruit senescence would result in impairment of mitochondrial function and lead to fruit senescence ([@B139]).

Many post-harvest fungi can modulate host ROS production. Fungi secrete elicitors, toxins and antioxidants in order to modify the plant ROS production ([@B16]; [@B9]). For example, oxalate secreted by *Sclerotinia* generates reducing conditions and inhibited plant oxidative burst at pH 3--4 ([@B41]; [@B151]). In contrast, oxalic acid also induced plant NADPH oxidase and ROS production that correlated with a pH increase to 5--6, that later induced host PCD ([@B86]). Another example is ammonia that is secreted by *Colletotrichum*, which activated the tomato NADPH oxidase, this resulted in oxidative burst leading to induction of SA mediated defense response, host cell death and enhanced necrotrophic colonization ([@B8], [@B11]). How these small molecules manipulate the NADPH oxidase is unknown.

Plant ROS can be toxic, e.g., in photo-oxidative stress, but are also known to play an important role in eliciting a wide range of defense mechanisms ([@B17]; [@B47]; **Figure [4C](#F4){ref-type="fig"}**). One of the earliest plant cellular responses following successful pathogen recognition is the production of ROS, also called oxidative burst ([@B140]). ROS also play a central role in redox-dependent defense signaling and in creating toxic environments that induce cell death ([@B50]). In this regard, at the cellular juncture of pathogenesis, NPR1, the master regulator of SA-mediated defense, is actually reduced by thioredoxin, which removes the effect of nitrosylation ([@B138]). Once reduced, the NPR1 oligomer is disrupted and its monomers enter the nucleus, and activate SA-mediated defense and PCD. It should be noted that in a manner that is not fully understood such signaling can take place even under conditions of cellular oxidative stress.

Reactive oxygen species levels can regulate the host cells fate. High ROS levels in plant cells results in a spreading cell death, which provides nutrients to necrotrophic pathogens. Intermediate concentration of ROS usually results in restricted PCD, and low concentration of ROS can act as a signaling molecule, including the activation of antioxidant enzymes usually leading to host protection against necrotrophs ([@B50]). Mitochondria ROS was shown to be involved in plant PCD in both biotic and abiotic stress responses ([@B50]; [@B139]). A recent report revealed another ROS, singlet oxygen, which plays a major role in plant response to both biotic and abiotic stress ([@B104]). Signaling of ROS is important in both the ripening process and defense response (**Figure [4C](#F4){ref-type="fig"}**). However, the exact roles of ROS can appear counterintuitive and there is a need to better understand their compartmentalization.

Cuticle and Fatty Acid Biosynthesis
-----------------------------------

Necrotrophic plant pathogens such as *B. cinerea* and *C. gloeosporioides*, at the pathogenic stage, produce cutinases and pectinolytic enzymes to penetrate plant cuticle and epidermal cell wall. Cuticle and cuticular wax are known to regulate fungal cutinase gene expression, leading to the release of cutin monomers from the plant cuticle ([@B154]). Cutin monomers induce typical PAMP-triggered immunity (PTI) responses including medium alkalization, ethylene production, ROS, and upregulation of defense-related genes ([@B126]; [@B84]). Furthermore, treatments with cutin monomers or their production *in vivo* enhances resistance to both biotrophic and necrotrophic fungi ([@B101]). *Arabidopsis* plants expressing a fungal cutinase or mutants with a defective cuticle, such as *long-chain acyl-CoA synthetase2* which is involved in cutin biosynthesis, are surprisingly resistant to *B. cinerea* ([@B22]; [@B42]). This may be due to faster perception and response to fungal elicitors, easier diffusion of defense signals and antifungal compounds to the infection site and faster oxidative burst ([@B101]). *Bdg* and *lacs2.3* mutants impaired in cutin synthesis are known to display a high level of resistance to *B. cinerea* produced ROS even in the absence of wounding of the leaves ([@B95]). Moreover, *aba2* and *aba3* mutants together with *bdg* and *lacs2.3* mutants presented increased permeability of the cuticle and enhanced ROS production. In fact, ABA was reported to play an essential role in cuticular permeability, which may influence tomato fruit resistance to *B. cinerea* and may lead to the termination of quiescence ([@B46]).

Cuticle related mutants that alter cuticle development and composition were shown to modify plant defenses response and resistance ([@B144]). Therefore, the processes of degradation of cuticle and cell wall may have an effect on quiescence. Thus, cell wall and cuticle can constitute valuable targets for improvement of early sensing of pathogen and activation of immune responses accompanied with fruit quality traits. Due to this reason the regulatory mechanisms involved in cuticle deposition have been investigated ([@B71]). The first identified cuticle -- associated transcription factor was SHINE1/WAXINDUCER1 (SHN1/WIN; [@B5]; [@B31]). Recently, it was shown that silencing a tomato ortholog (*SlSHN3*) in the fruit resulted in a dramatic reduction in cuticle formation ([@B129]). It was suggested in this study that *SlSHN3* regulates not only the genes involved in cutin metabolism but also controls the expression of regulatory genes associated with epidermal cell patterning including tomato genes similar to *GLABRA2* and *MIXTA* ([@B129]). Recent data showed that *SlMIXTA-like* is a major transcriptional regulator of cutin biosynthesis, likely acting downstream of SlSHINE3. *SlMIXTA-like* not only promoted conical-type epidermal cell development in tomato fruit but also positively regulated cuticular lipids in particular cutin monomer biosynthesis as well as cuticle assembly ([@B91]). Tomato fruit silenced in either *SlSHN3* or *SlMIXTA-like* had a significant increase susceptibility to *Colletotrichum* ([@B129]; [@B91]). In another study, leaves of *SlSHN3* over-expressing plants were shown to be more resistant to *B. cinerea* than wild-type leaves, highlighting the importance of cuticle in plant--pathogen interactions ([@B35]).

The thickness and composition of the cuticle has been shown to influence infection of grape berries by *B. cinerea* (**Figure [2](#F2){ref-type="fig"}**; [@B44]). Hexacosanoic acid, an important component of wax, is present in higher amounts in Touriga Nacional berries than in Trincadeira berries ([@B4]) and this may be involved in tolerance of Touriga Nacional cultivar to *B. cinerea*. Recently, it was reported that Trincadeira berries infected with *B. cinerea* accumulate saturated long-chain fatty acids which are major constituents of grape waxes accompanied with up-regulation of several acyl-CoA synthetases and wax synthases ([@B3]). In this study, significant changes were observed in the contents of glycerol and fatty acids such as oleic acid. In addition, a gene encoding a stearyl acyl carrier protein desaturase, which catalyzes the desaturation of stearic acid to oleic acid, was up-regulated in infected berries. It has been shown that a reduction in oleic acid levels results in constitutive activation of the SA-dependent pathway and repression of the JA-dependent pathway ([@B81]; [@B82]). The results in grapes supported these data, since increased oleic acid levels were correlated with activation of JA biosynthesis and signaling in infected berries ([@B3]). Thus, changes in lipid composition likely represent fruit response to infection.

Interestingly, transcriptome analysis of *C. gloeosporioides* and tomato fruit pathosystem revealed that during appressoria formation and before fungal penetration the tomato fruit host recognizes the fungus and activates fatty acid biosynthesis, elongation, and synthesis of cutin and waxes ([@B13]). Specifically, genes involved in synthesis of very long chain fatty acids that are components of cutin and waxes were up-regulated namely 3-ketoacyl CoA synthase and CYP86A cytochrome p450. Interestingly, tomato fruit mutated in CYP86 were much more susceptive to *Colletotrichum* infection ([@B129]). These genes were also up-regulated in grape berries infected with *B. cinerea* along with a decrease in expression of genes involved in glycerolipid catabolism ([@B3]). Both pathosystems also reported the induction of β-oxidation fatty acid degradation pathway ([@B3]; [@B13]). This would provide both reducing power and carbon components for metabolism of very long chain fatty acids or alternatively would provide more sugars that might be metabolized by the fungus or serve as precursors of plant secondary metabolites involved in defense. These observations further emphasize the critical role of fatty acids, wax and cutin during infection. This topic deserves further attention, since pathogen and host lipids and lipid metabolites have a critical role in the dynamics of pathogenesis and in plants defense.

Cell Wall Remodeling and Soluble Sugar Accumulation
---------------------------------------------------

Cell walls are structurally complex network of polysaccharides, including cellulose, hemicelluloses, and pectin ([@B45]). They serve as a physical barrier that limits pathogen access, but are also involved in pathogen recognition and in the deployment of plant responses to pathogens ([@B145]; [@B39],[@B40]; [@B70]). In order to break down the cell wall barrier pathogens use mechanical force as appressoria ([@B49]) or release cell wall degrading enzymes (CWDEs), which serve as a pathogenicity factors ([@B146]). Also post-harvest pathogens as *Botrytis* ([@B142]; [@B26]) and *Colletotrichum* ([@B10], [@B13]) produces CWDEs during pathogenic colonization of tomato fruit. The degradation of the plant cell wall matrix by pathogens may affect the proteins embedded in the cell wall and are likely to activate PAMP-triggered immunity ([@B141]; [@B100]), which often leads to callose deposition at sites of penetration, accumulate phenolic compounds and various toxins in the cell wall and synthesize lignin-like polymers to reinforce the wall ([@B75]).

During natural fleshy fruit ripening the fruit soften as a result of fruit activation of CWDEs as polygalacturonase (PG), pectin methylesterase, pectate lyase, β-galactosidase, cellulase, and expansin ([@B32]; [@B110]). Phytohormones as ethylene, ABA, SA and JA, are known to influence the expression of CWDEs which contribute to fruit softening ([@B75]). Because, fruit CWDEs are normally activated during ripening, it was commonly assumed that fruit softening contributes to the transition to susceptibility to pathogens (**Figure [2](#F2){ref-type="fig"}**; [@B110]). In tomato, the suppression of softening-associated CWDEs, *SlPG* and *SlExp1*, reduced susceptibility to *B. cinerea* infection during ripening, indicating that PG and Exp support both softening ([@B32], [@B33]; [@B83]; [@B114]) and susceptibility to *B. cinerea* ([@B39],[@B40]). Interestingly, *B. cinerea* infections induce *SlPG* and *SlExp1* expression ([@B63]; [@B56]), suggesting that *Botrytis* induces similar softening to the softening that occurs during fruit ripening. Endo-β-1,4-glucanase (EGase) is another CWDE that have a role in fruit softening. Tomato fruit EGase antisense had enhanced callose deposition and was more resistant against *Botrytis* infection ([@B56]). Plants PG inhibiting proteins (PGIPs) reduce the pathogen pectin degradation ([@B48]). PGIPs inhibit most of the *Botrytis* PGs during pear pathogenesis ([@B128]). An over-expression of PGIPs enhances ripe tomato fruit tolerance to *Botrytis* ([@B115]). To conclude, fruit cell wall is a complex and dynamic barrier which changes during ripening and its interaction with fungal pathogens plays a major role in the defense response against pathogens.

pH Change during Fruit Ripening and Fungal Colonization
-------------------------------------------------------

The pH change plays an important role in three different aspects of fruit-fungal interaction: (1) the pH change during fruit ripening, (2) fungal-dependent pH modulation of the local infection court, and (3) the local host pH modulation during the activation of defense responses (**Figure [4D](#F4){ref-type="fig"}**). The combined pH changes were suggested to trigger defense related processes as ROS and activate cell wall hydrolases in the fruit.

The ratio between sugar and pH are determinants of the fruit taste. During fruit ripening total soluble sugars (TSSs) increase and organic acid usually decreases leading to increase in pH. For instance, the pH of avocado fruit increases from 5.2 to 6.0 during ripening ([@B156]). However, in tomato fruit the apoplastic pH decreases during ripening from 6.7 to 4.4 ([@B14]).

Also fungal pathogens alter their local pH by secretion of ammonia or organic acids to optimize the environment to each fungus enzymatic arsenal (reviewed in [@B9]). Interestingly, fruit pH greatly affects fungal pathogenicity. Acidified environment induce ammonia secretion in alkalizing fungi as *Colletotrichum* and *Alternaria* ([@B54]; [@B12]), while alkaline environment activate organic acid secretion in acidifying fungi as *Penicillium* and *Botrytis* ([@B98]; [@B66]). The pH dependent fungal pathogenicity factors are controlled in filamentous fungi by Pal signaling pathway which activates PACC transcription factor ([@B111]). PACC activates transcription of those pathogenicity factors at alkaline pH and the AREB transcription factor, which represses acidic expressed pathogenicity factors at alkaline environment ([@B10]; [@B103]). In this way, fungi adjust their ambient pH in order to optimize the activity of their enzymatic arsenal.

Changes in apoplastic pH, could lead to oxidative burst ([@B59]). For example, exposing bean cells to alkaline condition resulted in oxidative burst ([@B153]). Medium alkalization activate NADPH oxidase, probably as a result of induced K^+^/H^+^ exchange, followed by Ca^2+^ influx/Cl~2~ eﬄux ([@B130]; [@B106]; [@B158]). Transient extracellular alkalization is an essential factor in induction of defense response and PCD ([@B125]; [@B43]; [@B67]). In this connection, changes in *Arabidopsis thaliana* roots external pH rapidly alter plant gene expression and modulate host responses, similarly to elicitors ([@B90]). Similarly, tomato fruit apoplastic alkalization by *Colletotrichum* or application of ammonia lead to activation of fruit NADPH oxidase, oxidative burst and SA mediated defense response that ended with extended cell death ([@B11]). *P. expansum* secrets gluconic acid and acidify its ambient pH in apples; this acidification was correlated with oxidative burst ([@B66]). Taken together both pathogen and fruit modulate their ambient pH in order to optimize respectively their attack and responses (**Figure [4D](#F4){ref-type="fig"}**).

Preformed and Inducible Antifungal Resistance
---------------------------------------------

Plants contain preformed secondary metabolites of a defensive nature such as phenolics, sulfur compounds, saponins, cyanogenic glycosides, and glucosinolates. Phenolic compounds play an important role in non-host resistance to fungi. They can either be performed occurring constitutively in healthy plants (phytoanticipins) or synthesized from precursors in response to pathogen attack, being more restricted to the damaged tissue (phytoalexins). Some antibiotic phenolics are stored in plant cells as inactive bound forms but are readily converted into biologically active antibiotics by plant glycosidases in response to pathogen attack. Since these compounds do not involve *de novo* transcription of gene products they are also considered phytoanticipins ([@B93]). Concentrations of preformed phytoanticipins and inducible phytoalexins were found to decline during fruit ripening (**Figure [2](#F2){ref-type="fig"}**) and this occurred more rapidly in susceptible cultivars than in resistant cultivars ([@B117]; [@B92]; [@B118]).

The grape berry cultivar Trincadeira is susceptible to *B. cinerea* and downy mildew. It presents lower phenolics content than the tolerant cultivars Touriga Nacional and Aragonês ([@B7]). The green and *veraison* stages of Aragonês and Touriga Nacional showed higher levels of quercetin glucoside, catechin and hydroxycinnamic acid derivatives such as caftaric acid and coutaric acid than the ripe grape berry ([@B7]; [@B4]). A decrease in caffeic acid was also detected in ripe berries of all the three varieties ([@B4]). This decline may be related to increased susceptibility of ripe fruits to pathogenic fungi. In fact, caffeic acid presents antimicrobial activity ([@B149]). Further, constitutive secondary metabolites of the bitter orange *Citrus aurantium* are the flavanone-naringin and the polymethoxyflavone-tangeretin, which showed antifungal activity against *Penicillium digitatum* ([@B15]).

Other widely reported preformed antifungal compounds are the family of mono-, di-, and triene compounds in avocado; the resorcinol derivates in mango; the tannins in banana peel ([@B117]) and tomatine in tomato fruits ([@B77]). These compounds were shown to decline dramatically during fruit ripening, thus enabling development of penetrating mycelia ([@B143]; [@B118]).

Inducible Phenylpropanoid Metabolism
------------------------------------

Phytoalexins are generally induced after infection. They accumulate rapidly in response to infection and reach high antimicrobial levels in resistant plants, while there is either lesser or slower accumulation in susceptible plants ([@B93]). When the accumulation of phytoalexins is either increased or decreased by manipulation of the experimental conditions such as post-harvest stress treatments, the plant and fruit become either more resistant or more susceptible ([@B93]). [@B55] reported that silicon is involved in the increased resistance of cucumber to powdery mildew by enhancing the antifungal activity due to the presence of metabolites such as flavonol aglycone rhamnetin (3,5,3′,4′-tetrahydroxy-7-*O*-methoxyflavone).

Pathogens often remain quiescent in unripe fruits. During ripening the concentrations of pathogen-induced and pre-formed antifungal phenolics decrease to subtoxic levels (**Figure [2](#F2){ref-type="fig"}**); this chemical decline occurs more rapidly in susceptible cultivars than in resistant ones ([@B93]). The principal phenolics in the peach fruit include chlorogenic acid, catechin, and epicatechin. The decline in chlorogenic acid and other endogenous phenolics during fruit ripening correspond to the transition to susceptibility ([@B28]). In immature strawberry fruits with a high content of proanthocyanidins *B. cinerea* remains quiescent. When the inhibitory activity of proanthocyanidins in fruits decreases due to maturation, the quiescent fungus can switch to the necrotrophic stage and progress further into the fruit tissue ([@B79]). In addition, inducible antifungal compounds, such as capsicannol in pepper, scoparone in citrus, resveratrol in grapes, and others, have been reported to be activated in unripe fruits but not always in ripe fruits ([@B117]). These compounds were hypothesized to be quiescence modulating factors.

The resistance of *Vitis* sp. to *B. cinerea* infection has been shown to correlate with *trans*-resveratrol content ([@B58]). Touriga Nacional is not infected by *B. cinerea* under normal field conditions; this cultivar presents higher content in *trans*-resveratrol than the susceptible cultivar Trincadeira ([@B4]). Recently, in-field infections of Trincadeira cultivar with *B. cinerea* led to profound alterations in secondary metabolism linked to stress response together with a significant increase in *trans*-resveratrol. Indeed, several genes involved in phytoalexin biosynthesis and coding for stilbene synthase and resveratrol synthase were up-regulated at pre-*veraison* in infected grapes ([@B3]). Therefore, resveratrol was considered a potential positive metabolic marker of *B. cinerea* infection at this stage. Other identified positive markers of infection were gallic acid and 3,4-dihydroxybenzoic acid which present antifungal properties ([@B93]). In fact, plant benzoic acids and their derivatives are common and widespread mediators of plant responses to biotic and abiotic stress ([@B150]). In another work with grape, flavonoid compounds were only found in botrytized berries of botrytized bunches at harvest stage ([@B74]).

Trincadeira, a *Botrytis*-susceptible variety, is able to initiate to some extent a basal defense reprogramming of the transcriptome and metabolome that is unable to slow down disease progression ([@B3]). This can be due to the fact that the pathogen can shut down host defenses. For example, sesquiterpenoid biosynthesis, as measured by genes involved in their synthesis; namely *beta*-amyrin synthase and (-)-germacrene [D]{.smallcaps} synthase, was down-regulated at the *veraison* stage. Oleanolic acid, a triterpenoid, decreased in infected grapes at pre-*veraison* and *veraison* stages. Unconjugated triterpenoids, such as oleanolic acid, are often found in the epicuticular waxes of plants serving as a first defense barrier against pathogens ([@B69]). This result suggested that infection renders the fruit to be more susceptible by down-regulating defense compounds.

Recently, it was showed through a combined analysis of the transcriptomes of *C. gloeosporioides* and tomato fruit pathosystem that during the quiescent stage, defense pathways were up-regulated including the phenypropanoid pathway for phytoalexin and lignin precursors such as cinnamic, cumarayl, coniferyl, caffeoyl, shikimic, quinic, and sinapyl derivatives ([@B13]). The authors suggested that phytoalexin biosynthesis and lignification comprise a major ongoing fruit defense pathway employed by the fruit in response to the persistent presence of quiescent fungi. Such host responses may effectively restrain the pathogen. Indeed, the number of infection sites emerging from quiescence appears to be below the potential primary infection sites, indicating successful containment of the infection. In this study, genes involved in the synthesis of sesquiterpenoids (e.g., rishitin) were also down-regulated together with the up-regulation of key steroid glycoalkaloid (e.g., tomatine) transcripts. Previously, α-tomatine was shown to inhibit *Colletotrichum* fungal growth and germination ([@B77]). Hence, transcript expression suggests the occurrence of shifts from rishitin to α -tomatine biosynthetic pathway as an effective response to this fungus. All of those antifungal compounds decline in ripe fruits, which may permit emergence of fungi from quiescence ([@B117]).

Conclusion
==========

During ripening, fruit undergo major changes such as activation of ethylene synthesis and other phytohormones, pH change, cuticular changes, cell-wall loosening and increase of soluble sugars, decline of antifungal compounds (**Figure [2](#F2){ref-type="fig"}**), which release the fungus from its quiescent state and promote a necrotrophic and pathogenic life style. Knowledge on the molecular and metabolic events responsible for the onset of necrotrophic stage, occurring both in the host and in fungi, is important key in order to develop strategies to enhance fruit defense and decrease of fungal virulence that ultimately will result in increased quality of fruits. This knowledge can be considered in breeding programs, pre and post-harvest treatments or alternatively provide a framework for biotechnological approaches.
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